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Genetic relationships between 38 barley genotypes were determined with the aid of 36 RAPD, 54 STS and 26 SSR markers. The dendrogram
groups showed high coincidence with growth habit and ear type. There were significant correlations between the Jaccard coefficients obtained
using the matrices of each single marker type and their combined matrix. When the varieties were grouped using markers with above-average
Polymorphic Information Content (PIC) values, the same groups were obtained as when using all markers, outlining their usefulness for estimating
diversity between the varieties. Three RAPD or four SSR primers were sufficient to distinguish all the barley varieties from each other. The
applicability of the various types of primers differed. The STS markers could best be used for estimating relationships between the varieties and
the SSR markers for distinguishing genotypes from each other, while RAPD markers could be employed both for estimating the relationships
between varieties and for variety identification.
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Variety identification and genetic relationship estimations
have always been important tasks for breeders. Various methods
have been elaborated for this purpose. Pedigree analysis is the
most widely used method for estimating the degree of similarity
between varieties or populations, but the necessary information
on ancestry is not always accurate or available. Application of
morphological traits is hindered by their limited number and by
the modifying effect of environmental factors in some cases.
The spread of DNA markers has allowed the genome to be
analysed directly, thus eliminating errors caused by environ-
mental factors. Using these markers the genome can be charac-
terised with great accuracy (Castagna et al., 1994; Mori et al.,
1995). The first DNA markers used for genomic analysis were
Restriction Fragment Length Polymorphisms (RFLP), which
were used in many species (maize, wheat, durum wheat, barley,
rice etc.) to determine relationships between varieties (Linc⁎ Corresponding author. H-2462 Martonvásár HUNGARY. Tel.: +36 22 569
500; fax: +36 22 460 213.
E-mail address: meszarosk@mail.mgki.hu (K. Meszaros).
0254-6299/$ - see front matter © 2006 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2006.06.006et al., 1996; Casas et al., 1998; Bohn et al., 1999; Szucs et al.,
2000). However, the complexity and costs of this method
restricted its use (Manifesto et al., 2001). The introduction of
PCR-based markers, including Random Amplified Polymorph-
isms (RAPD), Sequence-Tagged Sites (STS), microsatellite
markers (SSR) and Amplified Fragment Length Polymorphisms
(AFLP), facilitated the rapid analysis of the genome (Liu et al.,
1996). A close correlation has been detected between the results
obtained using various types of molecular markers (Linc et al.,
1996).
In addition to the estimation of degrees of relationship
between different varieties, a further important use of these
markers is to distinguish between genotypes. Numerous
molecular markers have been used for variety identification in
various plant species, which allow cultivar identification in early
stages of plant development, being neutral to environmental
effects. The identification and registration of bread wheat
varieties (Triticum aestivum L.) is currently based on morpho-
logical and physiological characteristics. Even though these
descriptors are useful, they are limited in number and may be
affected by environmental factors. It was possible to discriminate
closely related varieties with high similarity coefficients usingts reserved.
Table 1
Barley varieties examined in the experiments
Variety Pedigree information Origin Growth
habit
Ear
type
Bowman Klages/2/Fergus/Nordic/3/ND
1156/4/Hector
USA spring 2
Colter Steptoe/Larker//Karla USA spring 6
Galena Triumph/Crystal USA spring 2
Gobernadora OC640/Mari//Pioneer/3/Maris
Canon
USA spring 2
Kold 1285/Astrix USA winter 6
Strider 1860164/Steptoe USA winter 6
Eight-
Twelve
72Ab83/Wintermalt
(TRIALL/HUDSON)
USA winter 6
Hundred WA2196-68/WA2509-65 USA winter 6
Scio WA2138-68(Luther/Hudsen)/
Ill62-19
USA facultative 6
Lewis
Baronesse
Hector/Clages USA spring 2
Mentor/Minerva//Vada/4/
Carlsberg/union/
spring
/Opavsky/Salle/3/Ricardo/5/
Oriol/6153P40
Germany 2
ND 5377 Glenn/Karl USA spring 6
Stander Excel/Robust//Bumper USA spring 6
Steptoe Wa3564/Unitan USA spring 6
Morex Cree/Bonanaza USA spring 6
Harrington Klages/3/Gazelle/Betzes//
Centennial
Canada spring 2
TR 306 Abee/Revere//WM793-1776 Canada spring 2
LB Iran Unknown: multiple cross CYMMIT spring 6
Dicktoo Unknown: multiple cross USA facultative 6
Kompolti 4 Kompolti korai/Vulkán Hungary winter 6
Rex (Mursa/Alpha/Dorat)//
(Alpha/Mursa)
Croatia winter 2
Hardy F5310/Igri Austria winter 2
Kompolti
korai
Lédeci béta/Ager Hungary winter 6
Manas Unknown Ukraine winter 6
Plaisant Ager/Nymph France winter 6
Secura WW7748/BR3818D17 Austria spring 2
Montana Unknown USA winter 2
Jubilant SK19527/Dera Slovakia spring 2
P 3323 Unknown Austria winter 6
Vintage HvS1462/NFC81020//
NFC7485-1
UK spring 2
Orbit SK783/CeDc-74 Slovakia spring 2
Petra Unknown Austria winter 6
Barbinak Unknown Ukraine winter 6
Rodnik Alpha/Mursa Croatia winter 2
Robust Morex/Manker USA spring 6
Royal Morex/Bonanza//M32/3/
Robust/4/Azure
USA spring 6
Chevron Unknown USA spring 6
Excel Cree/Bonanza//Manker/3/
2*Robust
USA spring 6
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markers were required to distinguish between inbred lines of
rice (Nandakumar et al., 2004), while one RAPDmarker and four
inter-SSR (ISSR) markers were sufficient to differentiate be-
tween 16 barley varieties (Fernandez et al., 2002).
The aim of the present work was (1) to determine the ef-
ficiency of RAPD, STS and SSR markers for estimating genetic
diversity, and (2) to determine the minimum number of markers
required to distinguish between the varieties.
2. Materials and methods
The analyses were carried out on 38 barley varieties orig-
inating from various growing regions of the world, including 23
from North America, 7 fromWestern Europe and 8 from Eastern
Europe. In terms of growth habit, there were 21 spring, 15 winter
and two facultative varieties (Table 1).
2.1. Genotypic characterisation
The proteinase-K method was used for DNA extraction
(Sharp et al., 1988). The varieties were tested with 36 RAPD
markers from the A, B, C, H, I, J, K, L, M and S series produced
by Operon Technologies. The 54 STS primers developed from
RFLP markers were originated from the North American Barley
Genome Mapping Project (NABGP) and were kindly provided
by Dr. T. Blake (Montana State University, Bozeman, Montana,
USA). The PCR reaction conditions were those described by
Tragoonrung et al. (1992). The products of the RAPD and STS
primers were separated on 1.2% agarose gel stained with ethid-
ium bromide. The varieties were also tested with 26 micro-
satellite markers, applying the methods and marker information
of Ramsay et al. (2000). The reaction products were separated on
denaturing acrylamide sequencing gel and detected by silver
staining, as described by Tinxler et al. (1997). The gels were
evaluated visually, by scoring the absence (0) or presence (1) of
individual bands, and the size of the bands were determined
using 10 bp and 100 bp DNA ladders (GIBCO BRL.).
2.2. Data analysis
The differences between the varieties were determined by
SPSS 11.0 for Windows statistical program package, using the
Complete Linkage Method measuring Jaccard distance similar-
ities matrix (JD).
The polymorphic information content (PIC) provides infor-
mation on the extent of polymorphism revealed by the DNA
marker (Thiel et al., 2003). The PIC value of each marker was
determined using the equation described by Anderson et al.
(1993).
The minimum number of markers required for the identifi-
cation of the varieties was determined from the total number of
markers by iterative restriction. A decimal code was given to the
binary pattern characteristic of the variety with each marker using
the equation ( jth DC=( j1×2
0)+( j2×2
1)+( j3×2
2)+…( jn×2
n−1)),
where j represents the polymorphic products belonging to the
jth primer.3. Results
3.1. Diversity analysis
The relationships between the 38 barley varieties were
examined using 36 RAPD, 54 STS, and 26 SSR primers, which
gave a total of 504 polymorphic products. The number of
polymorphic bands obtained with RAPD, STS and SSR primers
ranged from 1 to 8. The highest mean PIC value was obtained
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by the RAPD primers (0.65; 0.37–0.85). The lowest PIC value
was recorded for the STS primers (0.45; 0.05–0.76).
Hierarchical cluster analysis was carried out using all three
marker types together (Fig. 1a). The JDvalues between the varieties
ranged from 0.24 to 0.71. The varieties could be divided into three
groups. The first group, the members of which differed to the
greatest extent from the other varieties, included six-rowed spring
malting genotypes from the USMidwest, the US six-rowed spring
fodder barley Steptoe and Chevron, a six-rowed spring variety of
unknown origin. The two latter varieties formed a subgroup (1.2)
within the main group. The seven varieties in subgroup 1.1 were
also closely related to each other on the basis of their pedigrees.
The second group was composed of two-rowed spring
varieties, which formed subgroups depending on their geo-
graphical origin. Subgroup 2.2 consisted of three US varieties,
Bowman, Lewis and TR306. Subgroup 2.1.1 contained fourFig. 1. Grouping of barley varieties using (a) all the RAPD, STvarieties of European origin (Jubilant, Vintage, Secura and
Orbit). The greatest similarity between any of the varieties
tested was observed between Jubilant and Vintage (JD: 0.70).
Two American varieties, Harrington and Galena, were placed in
subgroup 2.1.2, but each of these had one parent of European
origin, which could explain why they were grouped with the
European varieties. The spring barley Baronesse, which is of
German origin but is widely grown on the western coast of the
United States, was also linked to these two subgroups.
The third group contained varieties with winter growth habit.
Subgroup 3.1 consisted of European varieties. Of these, two
genotypes, P3313 and Petra, were bred in Probsdorf and two
others, Kompolti Korai and Plaisant, were bred in different
countries but were both the progeny of the winter barley Ager.
The variety Kompolti 4, one parent of which was Kompolti
Korai, was also linked to this subgroup, as was LB Iran, a six-
rowed spring breeding line of CYMMIT with unknownS and SSR markers; and (b) markers with high PIC values.
Table 2
Grouping of barley varieties using various markers
Variety RAPD STS SSR Markers with
high PIC values
Three marker
types combined
Stander 1 1.1 1.2 1.1 1.1
Robust 1 1.1 1.1 1.1 1.1
Morex 1 1.1 1.2 1.1 1.1
Royal 1 1.1 1.1 1.1 1.1
Excel 1 1.1 1.1 1.1 1.1
Colter 1 3.3 1.2 1.2 1.1
ND5377 1 1.1 1.2 1.1 1.1
Steptoe 1 3.3 1.2 1.2 1.2
Chevron 2.2 3.3 1.1 1.1 1.2
Bowman 2.2 1.2 EU 2.2 2.2 2.2
Lewis 2.2 2.2 EU 2.2 2.2 2.2
TR 306 2.2 2.2 EU 2.2 2.2 2.2
Jubilant 2.1 2.1 2.1 2.1 2.1
Vintage 2.1 2.1 2.1 2.1 2.1
Secura 2.1 2.1 2.1 2.1 2.1
Orbit 2.1 2.1 EU 2.1 2.1 2.1
Galena 2.1 2.1 2.1 2.1 2.1
Harrington 2.1 2.2 EU 2.2 2.2 2.1
Baronesse 2.1 2.1 EU 2.1 2.1 2.1
P 3323 3.1 3.2.1 EU 3.1 3.1 3.1
Petra 3.1 3.2.1 EU 3.1 3.1 3.1
Kompolti
korai
3.1 3.1 EU 3.1 3.1 3.1
Plaisant 3.1 3.1 EU 3.2.1 3.1 3.1
Kompolti 4 3.1 3.1 EU 3.1 3.1 3.1
LB Iran 3.1 3.1 EU 2.2 3.1 3.1
Kold 3.2.2 3.2.2 AM 3.2.2 3.2.2 3.2.2
Strider 3.2.2 3.2.2 AM 3.2.2 3.2.2 3.2.2
Hundred 3.2.2 3.2.2 AM 3.2.2 3.2.2 3.2.2
Scio 3.2.2 3.2.2 AM 3.2.2 3.2.2 3.2.2
Eight-
Twelve
3.2.2 3.2.2 AM 3.2.2 3.2.2 3.2.2
Gobernadora 3.2.1 3.2.1 AM 3.2.1 3.2.1 3.2.1
Hardy 3.2.2 3.2.1 AM 3.2.1 3.2.1 3.2.1
Rex 3.2.1 3.2.1 EU 2.2 3.2.1 3.2.1
Rodnik 3.2.1 3.2.1 EU 3.2.1 3.2.1 3.2.1
Montana 3.2.1 3.2.1 AM 3.2.1 3.2.1 3.2.1
Dicktoo 3.2.2 3.2.1 EU 3.2.1 3.2.1. 3.2.1
Manas 3.2.1 3.2.1 EU 3.1 3.2.1 3.2.1
Barbinak 3.2.1 3.2.2 EU 3.2.1 3.2.1 3.2.1
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rowed (3.2.1) and six-rowed (3.2.2) American winter varieties
formed separate subgroups. Of the eight varieties in group 3.2.1
five were two-rowed and three six-rowed barleys. Gobernadora
and Hardy differed to the greatest extent from the other varieties
in this group. Gobernadora is a spring barley, but one of its
parents was the winter barley Pioneer, which may explain why it
was grouped with the two-rowed winter varieties. The other
subgroup of two-rowed winter varieties contained two Croatian
varieties (Rodnik, Rex) and one US variety (Montana). Great
similarity was observed between the two Croatian varieties (JD:
0.6557). Subgroup 3.2.1.3 consisted of three six-rowed barleys,
the US facultative variety Dicktoo, of unknown pedigree, and
two Ukrainian winter varieties (Manas, Barbinak).
Studying the marker types separately, the degree of similarity
between the tested varieties averaged 0.53 with STS markers
and 0.55 with RAPD markers, while this figure was 0.32 for
SSR markers. Hierarchical cluster analysis was carried out
using the data of all three marker types separately (Table 2). The
results reflected those obtained using the three marker types
together. Although differences were observed between the
groupings obtained with each marker type, a correlation
significant at the P=0.001 level was revealed when the Jaccard
distances between the varieties were compared for the various
markers. The closest correlation was found between the RAPD
and STS markers (r=0.70) and the weakest between the STS
and SSR markers (r=0.50). The groups observed with RAPD
and STS markers were also formed after grouping with SSR
markers, but no hierarchical relationship could be observed
between them. When grouping was carried out using SSR
markers only, the varieties were grouped primarily according to
their geographical origin rather than their genetic relationship.
The association of varieties was mostly accordant to pedigree
information using RAPD and STS markers.
Markers with PIC values higher than the average for the given
marker type were selected for all three types of markers. When
hierarchical cluster analysis was repeated using the 22 RAPD, 29
STS and 17 SSR markers selected in this way (Fig. 1b) the three
main groups were the same as those obtained using all the
markers. The JD values of the varieties ranged from 0.21 to 0.70.
Only three varieties were placed in different groups thanwhen all
the markers were used. Colter was found in group 1.2, which
contained Steptoe, one of its parents; it was also placed here when
grouping was carried out using only SSR markers. Harrington
was grouped with the US two-rowed spring varieties, which
corresponded to its origin. Chevron, with unknown pedigree,
joined to the group 1.1 from the group 1.2. The two-rowedwinter
barleys were placed at a greater distance from the winter varieties
than when grouping was carried out using all the markers.
3.2. Genotype fingerprinting
Apart from the reliable estimation of relationships between
varieties, it is also important to be able to distinguish between
genotypes. The greatest volume of polymorphic information on
the varieties was provided by RAPD and SSR markers, so
investigations were made to determine the number of markersrequired for reliable distinction. With two exceptions, the 38
varieties examined could be distinguished using two RAPD
markers. The OPA19 marker gave 8 polymorphic products and
had a PIC value of 0.82, while marker OPK11 gave 7 poly-
morphic products, with a PIC value of 0.82. The varieties
Vintage and Orbit could not be distinguished using these two
markers, but any of 16 other RAPD primers tested were able to
distinguish between them. In the case of SSR markers, the
varieties could be distinguished with three primers (Bmac134,
Bmac213 and HvM4), with the exception of Petra and P3313.
Among the SSR markers, Bmac213 had the highest PIC value
(0.82). Different alleles could be distinguished for Petra and
P3313 using any of 14 additional SSR markers.
4. Discussion
The results of hierarchical cluster analysis carried out with
the three marker types together reflected those obtained using
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groups, primarily according to their growth habit, with two- and
six-rowed spring varieties being distinguished within the
groups. Greater differences could be seen between the spring
varieties than between the winter barleys. The winter varieties
formed subgroups based on geographical origin and ear type,
and were less likely to be found in groups not justified by their
origin (as observed for six-rowed spring varieties of American
origin). The relationships between the varieties were also
clearly demonstrable. The joint use of various marker types
allowed the tested varieties to be reliably distinguished, while
also providing a clear picture of how they were related.
The results are in good agreement with those previously
obtained using RFLP markers (Meszaros et al., 1996), which
provide a good estimation of genetic diversity (Castagna et al.,
1994; Melchinger et al., 1994; Petersen et al., 1994; Mori et al.,
1995). Similar results were reported when the genetic similarity
within the Brassicaceae was carried out using RFLP and
RAPD markers (DosSantos et al., 1994). In the case of wheat,
D'Ovidio et al. (1990) also reported that polymorphism
analysis using RAPD markers was efficient in comparison
with RFLP markers. The marker types used in the present
analysis allow genetic differences between the tested varieties
to be discovered and relationships between the varieties to be
reliably determined.
The greatest variability was observed when the varieties were
compared using SSR markers. This could be attributed to the
hypervariable nature of the chromosome regions tested by the
SSR markers. The groups formed using RAPD and STS markers
could also be distinguished when grouping was carried out with
SSR markers, but the relationship between them differed. This is
in agreement with the results of diversity studies carried out on
barley by Maestri et al. (2002) using RFLP, STS and SSR
markers, when the greatest differences between the varieties were
revealed by SSR markers, followed by RFLP, the smallest dif-
ferences being observed in the case of STS markers. The dif-
ference between the dendrograms prepared using various types of
markers may be due to the fact that although the markers were
chosen to give uniform coverage of the whole genome, different
types of markers provide information on different parts of the
genome. RAPD markers bind randomly to different parts of the
genome, so in theory the cover is uniform. However, when the
Dicktoo×Kompolti Korai population was mapped using RAPD
markers it was found that around 25% of the markers tested
mapped to a narrow chromosome region on chromosome 7H,
and 6% of markers was co-dominant (Karsai et al. not
published). In the case of barley only two of 11 RAPD markers
were found to be co-dominant (Todorovska et al., 2003). Thus,
without a knowledge on the chromosomal location of the
various products, the variability between the varieties may be
overestimated, and may result in a considerable distortion. SSR
markers on the other hand bind to hypervariable regions of the
genome and they are very useful for distinguishing between
varieties. The SSR motif number proved to be very sensitive to
environmental factors (Nevo et al., 2005). Changes in the
number of repeats may take place in various ways. If the motif
number only decreases or increases by one, as described in theStepwise Mutation Model, then it can be used to characterise
genetically related groups (Thuillet et al., 2004). If, on the other
hand, several motifs are lost or incorporated at the same time,
according to the Two-Phase Model, it is impossible to estimate
genetic relationships (Thuillet et al., 2004). The present study
also indicated that, although the varieties were clearly
distinguishable from each other when grouping was carried
out using SSR markers, the relationships between them could
not be accurately estimated. This confirms the results of
diversity analysis on maize inbred lines using SSR, RAPD and
isoenzyme markers (Nagy, 2004).
A reduction in the number of markers did not cause any
deviation in the fundamental relationships detected between the
varieties. When varieties were grouped using markers with
above-average PIC values, groups were formed chiefly on the
basis of origin and ear type. This was less obvious when
grouping was carried out using all the markers, since markers
with low PIC values demonstrate the presence of rare alleles
that are not necessarily related to the origin of the varieties.
Varieties that were grouped differently when using only markers
with high PIC values than when all the markers were used have
special phenotypic traits (Karsai et al., 2001; Meszaros et al.,
1996). Markers with high PIC values are very useful for
estimating relationships between varieties, which are based on
geographic origin and ear type. Markers with low PIC values,
on the other hand, can be used to analyse chromosome regions
of special interest.
RAPD and SSRmarkers are suitable for variety identification,
as they have high polymorphic information content. The PIC
value depends on the diversity of the varieties tested (Russell
et al., 1997; Pillen et al., 2000; Hamza et al., 2004). In the course
of the present study, the varieties could be distinguished using
three RAPDor four SSR primers. Both of thesemarker typeswere
suitable for the identification of the varieties. Polymorphic bands
of a given RAPD primers may bind to many parts of the genome,
so each primer may give information on the polymorphism of
several chromosome regions. SSR primers also provide a large
quantity of polymorphic information, but this very detailed infor-
mation only originates from a single hypervariable section of the
genome. For this reason, SSRmarkers are ideal for distinguishing
between genotypes that are genetically very similar. The joint use
of various type of primers is an excellent way of identifying
genotypes.
In conclusion, STS primers can be best used to determine the
relationships between varieties, as their low polymorphic infor-
mation content makes them less suitable for distinguishing
between varieties. SSR primers are best suited for identifying
genotypes, while the use of these primers for variety grouping
may not give such a clear reflection of the relationships between
the genotypes. RAPD primers are equally useful for estimating
genetic relationships and for identifying genotypes.
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